Nonsense mutations underlie about 10% of rare genetic disease cases. They introduce a premature termination codon (PTC) and prevent the formation of full-length protein. Pharmaceutical gentamicin, a mixture of several related aminoglycosides, is a frequently used antibiotic in humans that can induce PTC readthrough and suppress nonsense mutations at high concentrations. However, testing of gentamicin in clinical trials has shown that safe doses of this drug produce weak and variable readthrough activity that is insufficient for use as therapy. In this study we show that the major components of pharmaceutical gentamicin lack PTC readthrough activity but the minor component gentamicin B1 (B1) is a potent readthrough inducer. Molecular dynamics simulations reveal the importance of ring I of B1 in establishing a ribosome configuration that permits pairing of a near-cognate complex at a PTC. B1 induced readthrough at all three nonsense codons in cultured cancer cells with TP53 (tumor protein p53) mutations, in cells from patients with nonsense mutations in the TPP1 (tripeptidyl peptidase 1), DMD (dystrophin), SMARCAL1 (SWI/SNF-related, matrixassociated, actin-dependent regulator of chromatin, subfamily a-like 1), and COL7A1 (collagen type VII alpha 1 chain) genes, and in an in vivo tumor xenograft model. The B1 content of pharmaceutical gentamicin is highly variable and major gentamicins suppress the PTC readthrough activity of B1. Purified B1 provides a consistent and effective source of PTC readthrough activity to study the potential of nonsense suppression for treatment of rare genetic disorders.
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gentamicin B1 | nonsense mutation | premature stop codon readthrough | rare genetic diseases | cancer N onsense mutations, which change an amino acid codon to a premature termination codon (PTC) (TGA, TAG, or TAA), cause about 10% of rare genetic disease cases (1) . Compounds that permit insertion of an amino acid at the PTC can enable formation of full-length protein and increased protein function. This strategy, termed nonsense suppression or PTC readthrough, has the potential to treat large numbers of patients across multiple rare genetic disorders. However, drugs that can induce therapeutic levels of readthrough at safe doses are not yet available.
Gentamicin is an approved aminoglycoside antibiotic that can induce PTC readthrough in cultured cells but only at concentrations that are orders of magnitude higher than the 10 μg/mL threshold in blood above which gentamicin is toxic in humans (2) . Clinical trials in patients with Duchenne muscular dystrophy and cystic fibrosis have indicated that therapeutically relevant levels of readthrough cannot be achieved at subtoxic gentamicin doses (3) (4) (5) . Moreover, variable response to gentamicin treatment has been observed in animal models and humans (5) . Gentamicin is not a pure compound but a mixture of related aminoglycosides isolated from Micromonospora purpurea fermentation. It is composed principally of major gentamicins C1, C1a, C2, C2a, and C2b as well as minor related aminoglycosides (6) .
In this study, using a variety of in vitro and in vivo models we report that the major gentamicins lack PTC readthrough activity but that gentamicin B1, a minor component of pharmaceutical gentamicin, is potently active.
Results

Gentamicin B1 Is the Major PTC Readthrough Component in Pharmaceutical
Gentamicin. Gentamicin has been tested for PTC readthrough in many different cell and animal models and in clinical trials but has shown a lack of potency and unexplained variability in its effects (5) . In our study of PTC readthrough of the tumor suppressor p53, we also observed variation in the effects of gentamicin. Using fluorescence imaging to measure readthrough at a PTC in the TP53 (tumor protein p53) gene (c.637C > T; p.R213X) in HDQ-P1 human cancer cells (7), we examined three different pharmaceutical gentamicin batches. Two showed low activity at 1 mg/mL and one showed no activity ( Fig. 1 A and B and Fig.  S1 ). Gentamicin is not a pure compound. The US Pharmacopeial Convention (USP) specifies 25-50% gentamicin C1; 10-35% gentamicin C1a; and 25-55% gentamicin C2 + C2a, whereas the European Pharmacopoeia requires 20-40% gentamicin C1; 10-30% gentamicin C1a; 40-60% gentamicin C2 + C2a + C2b; and no more than 3% sisomycin (6) . Sisomycin is one of several minor components, including gentamicin A, B, B1, garamine, and ring C.
To determine whether variability in PTC readthrough could result from differing proportions of components with varying readthrough potency, we tested >98% pure samples of the major gentamicins (C1, C1a, C2, C2a, and C2b) for TP53 PTC readthrough (Fig. 1C) . All major gentamicins were inactive, even at a high concentration of 1 mg/mL ( Fig. 1D and Fig. S1 ). The pharmacopeial conventions allow small amounts of minor aminoglycosides in pharmaceutical
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The small number of patients for each of the >5,000 rare genetic diseases restricts allocation of resources for developing diseasespecific therapeutics. However, for all these diseases about 10% of patients share a common mutation type, nonsense mutations. They introduce a premature termination codon (PTC) that forms truncated proteins. Pharmaceutical gentamicin, a mixture of several related aminoglycosides, is an antibiotic frequently used in humans that shows weak and variable PTC readthrough activity. Using a variety of in vitro and in vivo assays we report that the major gentamicin components lack PTC readthrough activity but that a minor component, gentamicin B1, is responsible for most of the PTC readthrough activity of this drug and has potential to treat patients with nonsense mutations.
gentamicin (6) . Testing >98% pure samples of the minor aminoglycosides found in the gentamicin batches showed that gentamicin B1 (Fig. 1E and Fig. S1 ) was potently active, inducing much higher levels of PTC readthrough and at much lower concentrations than active gentamicin batches ( Fig. 1 D  and F and Fig. S1 ). Automated capillary Western analysis demonstrated that B1 induced the production of large amounts of full-length p53, the readthrough product, as well as a smaller increase in truncated p53 (Fig. 1G) . We also examined the activity of the purified gentamicin components in a HeLa cellfree translation assay using TP53 mRNA bearing the same R213X (UGA) nonsense mutation. B1 induced PTC readthrough in vitro but equimolar concentrations of the other gentamicins did not (Fig. 1H ). These data show that the major gentamicins present in pharmaceutical gentamicin have no PTC readthrough activity and that any activity displayed by pharmaceutical gentamicin batches is due to the action of a minor component like B1 on the translational machinery. Competition between binding of a near-cognate aminoacyl-tRNA complex and the eRF1-eRF3-GTP eukaryotic release factor complex to the ribosome A site determines whether readthrough or termination will occur at a PTC (8) . Critical to accurate codon recognition by both complexes is the conformation of A1824 and A1825, two conserved rRNA residues at helix 44 of the ribosome that can dynamically flip in and out of the helix. Structural studies have shown that binding of eRF1 flips A1825 out to facilitate stacking of termination codon bases and enable accurate recognition of the termination codon, whereas A1824 remains inside the helix (9) . By contrast, A1825 and A1824 adopt a flipped-out conformation upon binding of a cognate tRNA complex, enabling them to interact with and stabilize the codon-anticodon duplex and ensuring fidelity of tRNA selection (10) (11) (12) . This conformation is also produced when G418, another aminoglycoside that can induce PTC readthrough, binds rRNA helix 44 (13) . The production of full-length p53 (FL-p53) and truncated p53 (TR-p53) in HDQ-P1 cells exposed for 72 h to different concentrations of three gentamicin batches or B1 was determined by automated capillary electrophoresis Western analysis and the results are displayed as pseudoblots (7) . Vinculin was used as a protein loading control. The numbers indicate the amounts of normalized FL-p53 against vinculin relative to the amount of TR-p53 detected in untreated cells. (H) R213X TP53 mRNA was subjected to in vitro translation in the presence of the indicated compounds at 0.5 μM for 20 min and p53 was detected as in G.
In ribosome-bound G418, a methyl and a hydroxy substituent at position 6′ of ring I prevent A1824 and A1825 from moving back into the helix (13) (Fig. 2 A and D) . Gentamicin B1 also contains two substituents at position 6′, a methyl and an amine moiety (Fig. 1E ). To investigate whether gentamicin B1 might also affect the movement of these rRNA residues we used molecular dynamics (MD) simulations using as a reference the G418-bound RNA fragment of the yeast ribosome-G418 crystal structure [Protein Data Bank (pdb): 4U4O] (13). This RNA fragment is identical in yeast and humans. Control simulations using as input G418 and its bound rRNA fragment from the crystal structure showed that the 6′ substituents of G418 sterically prevented both A1824 and A1825 from moving into the helix (Fig. S2A) , consistent with the structure (13) (Fig. 2 A and D) . The rRNA fragment resembled the tRNA binding-like conformation throughout the simulation (Fig. 2G and Fig. S2A ). When an additional control simulation was carried out without G418, both A1824 and A1825 moved inwards ( Fig. 2G and Fig. S2B ), indicating that the simulation is able to distinguish between the different states.
We then replaced G418 with B1 and performed a MD simulation. The two 6′ substituents of B1 also prevented A1824 and A1825 from moving back into the helix (Fig. 2 B, E, and G) . Moreover, the 6′ amine and the 3′ and 4′ hydroxyl substituents in ring I formed specific interactions with the backbone phosphates of A1824 and A1825 that stabilized the flipped-out conformation (Fig. 2E) . Simulation with gentamicin B, which is inactive in PTC readthrough but differs from B1 only in lacking the 6′ methyl substituent (Fig. 1 D-F) , revealed that the absence of the methyl group was sufficient to enable A1824 to move in, whereas A1825 remained out (Fig. 2 C, F, and G) , consistent with an eRF1-bound conformation (9) and termination at a PTC. Interestingly, the absence of the 6′ methyl group not only prevented steric blocking of A1824 but also allowed ring I to move partially below the backbone phosphates of the rRNA and make specific interactions that stabilized the "in" position (Fig. 2F) . Stabilization of the flipped-out conformation of both A1824 and A1825 by gentamicin B1 at a PTC likely enhances binding of a near-cognate tRNA and permits insertion of an amino acid while also impeding binding of eRF1 to prevent termination.
Gentamicin B1 Induces PTC Readthrough at All Three Termination Codons and at Different Positions of the TP53 Gene. The TGA nonsense codon that is efficiently suppressed by B1 in HDQ-P1 cells is known to be more susceptible to basal-and gentamicin-induced readthrough than the other two nonsense codons TAG and TAA (14) . We asked whether B1 can induce readthrough in TP53-null NCI-H1299 cells transiently expressing TP53 cDNAs bearing TGA, TAG, or TAA at R213. B1 induced robust readthrough at all three nonsense codons without affecting the expression of WT TP53 (Fig. 3A) . By comparison, a 10-or 20-fold higher concentration of gentamicin elicited a low level of readthrough at TGA only (Fig. 3A) . The position of a nonsense codon within a gene-coding sequence can also influence PTC readthrough. Five human cancer cell lines bearing homozygous nonsense mutations at different positions in the TP53 gene (7) were tested. Exposure to 100 μg/mL B1 for 3, 6, or 13 d induced varying levels of PTC readthrough (full-length p53) and also increased truncated p53 in all cell lines (Fig. 3B) . By contrast, B1 had no effect in NCI-H1299 TP53-null cells or in HCT116 cells with WT TP53. These findings show that gentamicin B1 is effective on a range of TP53 nonsense mutations. Gentamicin B1 Induces PTC Readthrough in Vivo. To investigate whether B1 is also capable of inducing PTC readthrough in vivo, we examined its activity in a mouse xenograft model. HDQ-P1 cells used as our cell culture model do not grow in immunodeficient mice (15) . Therefore, we stably transfected NCI-H1299 cells, which readily form tumors in mice, with TP53 cDNA bearing the same mutation as HDQ-P1 and verified that B1 induces PTC readthrough in this cell line (Fig. S3 ). Xenografts were then established in 129S6/SvEvTac-Rag2 tm1Fwa (Rag2M) or NOD-Rag1 null IL2rg null (NRG) immunodeficient mice and B1 was administered as a single i.p. injection, at either 200 or 400 μg/g. B1 induced robust dose-dependent PTC readthrough in all mice (Fig. 3C, Left) . By comparison, similar doses of gentamicin did not induce PTC readthrough (Fig. 3C, Left) .
Five consecutive daily injections of lower doses of B1 (25 and 50 μg/g) also induced readthrough, whereas gentamicin did not (Fig. 3C, Right) .
Gentamicin B1 Induces PTC Readthrough in Rare Genetic Disease Models.
In principle, chemicals that induce PTC readthrough could be used to treat rare genetic disorders caused by nonsense mutations. (Fig. 4A) . Exposure to 25 μg/mL B1 induced a time-dependent increase in activity that was first detectable at day 3 and by day 10 increased to 14% of the activity found in fibroblasts from unaffected individuals with WT TPP1 (Fig. 4A) . Consistent with the activity assay, the patient's fibroblasts expressed no TPP1 protein in Western analysis, whereas B1 induced a time-dependent increase in both proenzyme and mature forms of TPP1 (Fig. 4B) . Similarly, untreated cells from patients with Duchenne muscular dystrophy, SIOD, and RDEB showed little to no detectable full-length dystrophin, SMARCAL1, or collagen VII, respectively. Treatment with B1 induced concentrationdependent increases in full-length protein in these cells (Fig. 4 C-E) . By comparison, much higher concentrations of gentamicin did not induce production of full-length protein in any of these patientderived cells (Fig. 4) . Exposure to PTC readthrough-inducing concentrations (≤100 μg/mL) of B1 for 3 d caused a small decrease in the doubling time of HDQ-P1, NCI-H1299, and fibroblast but not myoblast cells, comparable to exposure to 1 mg/mL gentamicin (Fig.  S4) . By contrast, at these concentrations, B1 and gentamicin were toxic to keratinocytes in culture (Fig. S4) . In aggregate, these results show that B1 can induce significant levels of PTC readthrough in a number of genes and cell types in culture without evident toxicity.
Major Components Present in Pharmaceutical Gentamicin Reduce PTC
Readthrough Activity of Gentamicin B1. Although B1 is a known minor component of the approved drug gentamicin, developing it as a treatment for patients with nonsense mutations would require the same preclinical and clinical studies as any new drug candidate. On the other hand, repurposing gentamicin as a readthrough drug could be much more expedient. Having uncovered the central role of B1 in readthrough, we wondered whether gentamicin batches containing the maximum admissible amount of B1 under USP and European Pharmacopoeia rules might show sufficient readthrough for repurposing. To address this point, we tested whether the activity of B1 is influenced positively or negatively by the presence of other gentamicin components. HDQ-P1 cells were coincubated with a fixed concentration of B1 and increasing concentrations of inactive USP gentamicin. Addition of gentamicin significantly reduced the PTC readthrough activity of B1 (Fig. S5A) . This effect was not accompanied by increased toxicity to the cells (Fig. S5B) . A similar experiment was carried out by adding increasing concentrations of individual gentamicin components. The major gentamicins C1, C1a, C2, C2a, and C2b and the minor component sisomicin all reduced the readthrough activity of B1 without increased toxicity (Fig. S5 C and D) . These results indicate that unlike pure B1, gentamicin batches with high admissible amounts of B1 would probably be unsuccessful as therapy agents.
Discussion
Readthrough compounds enable formation of full-length protein via insertion of an amino acid at the PTC. The application of PTC readthrough as a therapeutic approach is premised on the inserted amino acid not negatively impacting protein function. The nature of the amino acid introduced at PTCs during readthrough stimulated by the aminoglycoside G418 was recently studied in human HEK293 cells using a proteomic approach (16) . Readthrough introduced Arg, Trp, and Cys in a 3/1/1 ratio at a UGA PTC, whereas Gln and Tyr were incorporated in a 8.5/1.5 ratio at UAG, and Gln and Tyr were inserted in equal proportions at UAA (16) . The most frequent mutation producing a PTC is a C-to-T transition at the CGA Arg codon, responsible for 21% of disease-causing nonsense mutations (1). Readthrough of this mutation is predicted to produce a mix of 60% WT protein and 40% mutant protein with a Trp or Cys substitution. The second most common mutation (19% of cases) (1), produces TAG from the Gln codon CAG. In this case, readthrough would generate 85% WT protein and 15% Tyr-substituted protein. In either case, PTC readthrough compounds such as B1 would likely produce a preponderance of WT protein, with a smaller proportion of protein where insertion of the incorrect amino acid might be neutral or lead to reduced activity. In our study of TPP1, in which we measured both protein levels and enzyme activity following readthrough of TGA, the amount of fulllength protein (9% of WT after 6 d of treatment and 15% after 10 d) correlated well with enzyme activity (6% and 14%, respectively; Fig. 4 ), indicating that PTC readthrough produces functional TPP1.
Another potential concern is promotion of readthrough of normal termination codons. Unlike PTCs, normal termination codons are in proximity to 3′-UTR sequences and the poly(A) tail. Poly(A)-binding protein at the poly(A) tail interacts with the release factor eRF3 to stimulate rapid translation termination (reviewed in ref. 17) . By contrast, PTCs are farther from the poly(A) tail. This limits the interaction between poly(A) binding protein and eRF3, leading to ribosomal pausing at PTCs, which makes them susceptible to readthrough (17) . It was also recently found that cells can block the accumulation of proteins containing C-terminal extensions caused by translation past a normal termination codon and into the 3′-UTR by a mechanism that has not yet been elucidated (18) . Thus, a combination of mechanisms prevent readthrough at normal termination codons. Our examination of five proteins (7 and this study) for which strong PTC readthrough was observed did not reveal any increased size beyond the full-length protein. This finding agrees with previous observations suggesting readthrough compounds selectively target PTCs over normal termination codons (19) .
Gentamicin is the approved aminoglycoside antibiotic that has been most extensively tested in clinical trials for treatment of diseases caused by nonsense mutations. However, gentamicin induces very low levels of PTC readthrough and has shown unexplained variability in its effect (5) . Pharmaceutical gentamicin is composed of major and minor components. We found that gentamicin B1, present only in minor amounts in gentamicin, shows potent PTC readthrough activity and that its activity is reduced in the presence of other gentamicins. We also found that the very close structural analog gentamicin B lacks PTC Extracts from WT fibroblasts were also analyzed, using 20% of the amount of protein used for GM16485. Vinculin was used as a loading control. (C) Full-length dystrophin protein levels measured after HSK001 myoblasts with a DMD nonsense mutation were differentiated into myotubes and exposed to B1 or gentamicin for 3 d. Extracts from WT myotubes were also analyzed, using 5% of the amount of protein used for Duchenne muscular dystrophy (DMD) cells. β-Actin was used as a loading control. (D) Full-length SMARCAL1 protein levels measured after exposure of SD123 fibroblasts with SMARCAL1 nonsense mutations to gentamicin B1 or gentamicin for 6 d. Extracts from WT fibroblasts were also analyzed, using 10% of the amount of protein used for SIOD cells. β-Actin was used as a loading control. (E) Full-length collagen VII measured after exposure of EB14 keratinocytes with COL7A1 nonsense mutations to B1 or gentamicin for 72 h. Extracts from WT keratinocytes were also analyzed, using 20% of the amount of protein used for EB14 cells. β-Actin was used as a loading control.
readthrough activity. Our molecular dynamics simulations show that, whereas B1 stabilizes the flipped-out conformation of both A1824 and A1825 rRNA residues and favors an elongation-like conformation, lack of the 6′ methyl substituent in ring I in gentamicin B enables residue A1824 to move in, which favors the termination-like conformation, highlighting the critical importance of the 6′ methyl group. Unlike pharmaceutical gentamicin, B1 can induce PTC readthrough at all three nonsense mutations (TGA > TAG > TAA), in multiple genes (TP53, TPP1, DMD, SMARCAL1, and COL7A1), in multiple cancer-and patient-derived cells, and also in a xenograft mouse model. These observations offer hope that purified B1 might show potential as a therapy agent alone or in combination with recently discovered compounds that potentiate PTC readthrough by aminoglycosides (7).
Materials and Methods
Automated p53 Immunofluorescence 96-Well Plate Assay. The assay was performed using a Cellomics ArrayScan VTI automated fluorescence imager as previously described (7).
Automated Capillary Electrophoresis Western Analysis. The assays for p53 and TPP1 detection were performed as previously described (7).
SDS/PAGE and Immunoblotting. Western blotting for SIOD fibroblasts was performed as previously described (7) . RDEB keratinocytes were treated with various concentrations of gentamicin B1 or gentamicin for 72 h, lysed, and 20 μg protein from each lysate was separated on a 5% polyacrylamide gel and electroblotted onto a nitrocellulose membrane. The membrane was incubated in a denaturation buffer (50 mM Tris·HCl, pH 8.3, 1 M guanidine HCl, 50 mM DTT, and 2 mM EDTA) for 1 h at room temperature. After a brief rinse with Trisbuffered saline (TBS) the membrane was incubated in a renaturation buffer [10 mM Tris·HCl, pH 7.4, 140 mM NaCl, 2 mM DTT, 2 mM EDTA, 1% BSA, 0.1% Nonidet P-40] overnight at 4°C followed by 1 h blocking with 5% (wt/vol) nonfat milk in TBS. The membrane was incubated with primary and secondary antibodies and visualized using enhanced chemiluminescence.
In Vitro Transcription and Translation Assays. In vitro transcription and translation assays were performed as previously described (7) with minor modifications. For further details please refer to SI Materials and Methods. TPP1 Activity Assay. GM16485 primary fibroblasts were exposed to gentamicin sulfate or B1 for up to 10 d with medium and compounds replenished every 3 d. At the end of the experiment the cells were lysed and TPP1 enzyme activity was determined as previously described (7). Molecular Dynamics Simulations. Molecular dynamics simulations were performed using GROMACS (20, 21) as described previously (22, 23) ) mice (22-30 g) were inoculated s.c. in the lower back with 2 million NCI-H1299 cells stably expressing TP53 R213X in a volume of 50 μL. The site of tumor cell inoculation was monitored daily. When tumors became measurable, their size was estimated by converting dimensions (in millimeters) measured by caliper to tumor weight (in milligrams) using the equation: length × (width 2 ) ÷ 2. The mice were injected intraperitoneally with gentamicin B1 dissolved in 0.9% NaCl or the vehicle control (0.9% NaCl). The health status of the animals was monitored daily following an established standard operating procedure. In particular, signs of ill health were based on body weight loss, change in appetite, and behavioral changes such as altered gait, lethargy, and gross manifestations of stress. The monitoring staff were blinded to the treatment groups. When signs of severe toxicity were present, the animals were killed (isoflurane overdose followed by CO 2 asphyxiation) for humane reasons. The tumors were excised, cut in two, weighed, and snap frozen in liquid nitrogen. Tumor pieces were thawed in cold lysis buffer, minced into small pieces using scissors, and homogenized using 20 strokes of a loose-fitting piston in a Dounce homogenizer on ice. The homogenized tissue was kept on ice for 1 h, vortexing every 10 min, and centrifuged at 15,000 × g for 15 min at 4°C. The supernatants were transferred to fresh tubes and protein concentration was measured by Bradford assay (Bio-Rad).
Statistical Analysis. Data are presented as mean ± SD unless otherwise stated. Comparisons were made using the two-tailed Student's t test and differences were considered significant at a P value of <0.01.
Further experimental details are provided in SI Materials and Methods.
